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INFLUENCE OF FUEL-OIL TEMPERATURE ON THE COMBUSTION IN
A PRECHAMBER COMPRESSION-IGNITION ENGINE

By Harold C. Gerrish and Bruce E. Ayer
SUMMARY

The influence of fuel-oil temperature on combustion
was investigated by injecting the fuel into the prechamber
of a single-cylinder, 4~stroke-cycle, water-cooled, com-—
pression-ignition engine operating at 1,500 r.p.m. and at L
a compression ratio of 13.5. 1Indicator cards, exhaust-gas :
sauples, and engine-performance data were obtained for
changes in fuel temperature from 124° to 750° F. The in~ ——
Jection characteristics of the fuel system and the appear- —
ance of the fuel spray were studied by injecting the fuel
into the atmosphere. A common~rail fuel-injection system
was used with a hydraulically controlled fuel-injection
valve operating at a pressure of 8,800 pounds per square
inch, The fuel was heated by passing it through an elec-
tric heater inserted between the pump and the injection
valve,

The results showed that heating the fuel oil to 750°
F. increased the injection period, changed the rate of in-
jeetion, and eliminated the spray core. Engine tests
showed that the ignition lag, rate of pressure rilse, and .
maximum cylinder pressure were reduced. The indicated -
mean effective pressure, the fuel economy, and the thermal
efficiency were slightly increased. Operation of the en-— —
g&ine when the fuel was heated to 750° F. was smoother, the
exhaust clearer, and the carbon formation in the combus-
tion chamber considerably less than when the fuel was

heated to 124° =,

INTRODUGTION

The present methods of proportioning the fuel to air
and the utilization of air flow in combustion chambers to
nix the fuel with the air have rosulted in some improve-
ment in the combustion process, but the fuel still burns e
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throughout a large portion of the power stroke. ¥No great
improvement in the engine performance can be expoected as
long as the fuel is burned late in the cycle.

Attempts to increase the thermal efficiency by in~
Jecting the fusl during the earlier part of the compres-
sion stroke and thus to obtain a more uniform mixturse
throughout the combustion chamber have not been satlsfac-
torys The early injection regulted in the accumulation of
a consideradble quantity of fuel in the combustion chamber
and, upon ignition, high cylinder presgsures were devel-
oped, knocking occurred, and the engine operatlion was
rough,. i

4 theoretical analysis shows that, for the same maxi-
mum cylinder pressure,. an engine operating on the con~
stant-pressure combustion cycle is more efficient than one
operating on the constant-volume .ecycle., A method of ob~
taining the constant-~pressure combustion cycle is to re-
duce the ignition lag to gero so -that the rate of injec—
tion will control the rate of burning, to inject the fuel
at such a rate that constant pressure may be maintained,
and to insure that.the necegsary air for combustion is
available at the proper time.

It should be possible to reducs the ilgnition lag by
reducing the time reqguired in the engine cylinder %o heat
the fuel to its ignition temperature. Various methods of
ralsing the temperaturse of the fuel have been proposed
(references 1 and 2). Methods of heating the fuel direct-
1y have utilized the heat of the exhaust gases as well as,
part of the heat developed during combustion. Hawkes ]
(reference 3) ‘preheated the fuel by passing it through an
01l heater in the exhgust stack of the engine,

The object of this investigation was to determine
the effect of raising the fuel-o0il temperature prior to
injection on the injection characteristics, the ignition
lag, the combustion, and the engine performance.

APPARATUS

The single~cylinder, 4-stroke-cycle, water—cocoled
test engine uged in this investiggation 1ls shown in flgure
1« The NJA.C.A, universal test-engine base and cylinder
were used with the cylinder head included in figure 2.
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The following table giveé the speciai characteristics of
the engine, the test conditions, and the fuel used.

Engine _ 5~inch bore, 7=inch stfoke.

Combustion chamber --- Digk, prechamber, 2-3/4 inches
in diameter and 1 inch thick
containing 50 percsnt of the
clearance volume. Chamber
connected to cylinder by a
9/16-inch~diameter passage
flared st both endsge.

Engine speed ~-—---v--=- 1,500 rep.m.
Compression ratio ---- 13.5.
Start of injection --- Top center (1 crankshaft de-

gree late for 750° F. fuel

temperature). i

Fuegl ~~—-mmmme e e Auto Diesel fuel, 41 seconds
Saybolt universal viscosity
‘at 80° P, Distillation
curve (A.S5.T.M.) shown in
figure 3.

Fuel guantity ----—---- 0.0003 pound per cycle, 4 per-
cent excess air.

Ffuel-injection pres- : : .
SUre ——=rm———e——— e 8,800 pounds per square inch,

Fuel nozzle —--—-———-ee—— Single round-hole orifice,

0.060-inch diameter, length-
diameter ratlo, 4.

Previous tests with heated fuel using a displacement-

type fuel pump and an automatic fuel-injection valve indi-

cated the necessity of reducing
malntaining an accurate control

the injection period and
of the start of injection.

Other factors encountered were warping of the valve parts
and excesslve leakage of fuel past the lapped portion of
the valve stem at the higher fuel temperatures.

The fuel system used in these tests is shown mounted
on the test engine in figure 1 and dilsgrammatically in
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figure 2. It consists of a modified commercial fuel-injec-
tion pump, a suitabdble injection valve,-and an electric
heater. The fuel-injection system has a low- ard a high-
preasure fuel-oil circuit. The low-pressurs circuit has
two small gear pumpsi the primary pump that supplies oil

to three uniformly phased high~pressure plunger pumps and
the sump pump that returns any fuel oil passing through the
various pressure seals to the primary fuel supply. The
fuel supplied to the hign—pressure nlungers is maintained
under pregsure by a regulating valve in the puamp body.
Excess oil from the primary pump and the oil collected by
the sump pump 1s bypassoed through the crankcase of the

fuel pump for 1ubricating purposes and through an ¢il
cooler to the oil reservoir on the fuel- ~welghing stand.

The high-pressure oil.circuit consists of three uni-
formly phased plunger pumps, which supply oil to the mexi-
num-fuel-pressure regulating valve, the injection-control
valve, and the injection valve. Pressure is maintained in’
this circuit by the maximum-fuel~pressure-regulating valve.
Excess oll _passes through this valve and the oil cooler to
the reservoir on the fusl stand. The oil to be injected
passes through the safety check valve, the electric heater,
the auxiliary control valve, and into the injection valve,
The 0il used tv control injection maintainsg pressure on
the injection~valve stem betwsen injections and replaces
that quantity of o0ll released by the operation of the
injection-control wvalwve,

The injection-control valve shown diagranmatically in
figure 2 consists of a lapped spindle. rotating in a valve
body. The spindle has & set of ports located on its cir-
cunference, which at the proper time uncover a port in the
valve body connected to the iInjection-conirol tube. The
pressure on top of the injection-valve stem is released
when port 2 sufficiently overlaps port 3. The high-pres-
sure fuel oil aceting on a small differential annular area
at the nozzle ond of the valve stem raiscs the valve stem
and discharges fuel into the combustion chamboer. This
discharge of fuel continues until port 2. sufficiently over-
laps the high~pressure fuel-oil supply in port 4, which
produces a pressure wvave that-returns the Iinjection-valve
stem to its seat and stops the injection. The guantity of
fuel discharged 1is controlied by manually adJusting the
interval between ports 3 and 4.

The maXimum-fuel-pressure regulating valve shown 1in
figure 2 .is the usual spring-loaded automatic injection
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valve wlth a single round-hole orifice nozzle., "The injec~
tion pressure can be adjusted during operation to any de-
sired value by varying the spring temnsion,.

The injection valve shown in figure 4 was designed to
operate at an injection pressure of 10,000 pounds per
square inch and at a fuel temperature of 1, 000°% P.; it has
‘the usual lapped clearance between the'valve stem and the
sleeve. In order to maintain the lapped clearance, the
heated fuel, in its passage through the valve, transmitted
heat to the. stem through the sleeve. This method mein-
taing a2 podgitive clearance between the stem and sleeve at
all times durlng the heating process. A special key,
clamped betweon the valve body and the nozzle, allowed the
stem and sleeve to expand but prevented the sleeve from
turning in the body. The high operating stress caused by
- the injection pressure together with the high fuel temper~
ature hecsssltated the construction of the injection-valve
stem, sleeve, nozzle, and dtemstop of steel havling a high
tungsten content. This steel had sufficlent hardness at
the high fuel temperature to prevent galling the stem with
the sleeve or peening the stem at the seat and the stem—
stop. : . )

The electric heater is Shown in filgure. 5 with part of
the insulation removed. It was composed of 10 feet of
seanless carbon steel tubing, 1/4-inch outside diameter
and 1/8-inch bore, wound in the form of a close-colled
helical spring, 4~1/2 inches in diameters The consecutive
coils were lightly tack-welded together at "intervals %o
prevent any springing of the unit caused by pulsating
high=pressure fuel o0i1l. The heating element was nade of
foe 15 B & 8§ gage nichrome IV wire wound in a small helix
and wrapped around the tubing. The wire was insulated
from the tubing by porcelain insulators and alundum ce:ent.
The heating element was placed in a sheet~iron container
and. tue intervening space filled with mineral wool.

METHOD

The effect of fuel temperature on the .start of injec-
tion was determined by mounting the injection system on
the engine, allowing the fuel valve to discharge into the
exhaust system, and observing the development of the fuel
spray with the Stroborama. The engine was motored at the
test spoed of 1,500 re.pe.ms and the spragy charactoeristics
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were obtained for several changes in fuel temperature from
1249 to 600° F. 4An injection pressure of 8,800 pounds por
squarc inch was found nccossary with the nrosent valve de-
sign to insure rogular injection at all. fuel tomperaturcs.

Engine tests werc made with the injeection valve in
tho top hole of the procombustion chamber. (Sce fig. 2,)
Ag soon as test conditions becanc stabllized, the usual
cugine data, temperatures of the fuel system, exhaust tem-
perature, indicator cards, and samples of the exhaust gas-
es were obtained. As no trouble was ehboﬁnﬁered with the
injection system for fuel temperatures up to 600° F., the
temperature of the fuel was increased to 750° F. and the
data previously mentioned were obtained.

In order to obtain the_neéessary correction to the
injection advance angle for the 750°.F. fuel, the injec-
tion valve was removed from tire comblstion chamber and al-
‘lowed to discharge. fuel :into the exhaust system. The sotart
of injection for this fuel temperature was determined but
with a slightly larger fuel quantity than that used in the
ensine tests. The neating -unit failed, however, and ‘there-—
fore the start of injection obtained at the larger fuel
guantity was considered to be the actual start of injec-
tion which, according to other data, 'is not critical with
fuel quantity.

The heat input to tne electric heater was measured by
a voltmeter and an ammeter. The quantity of heat was con-
trolled by water—cooled rheostats. As the heat losses
from the heater were excessive, the voltmeter and ammeter
readings wore used only as a guide for regulating the tem—
perature at the injection-valve.

Exhaust—-gas samples taken through a 1/4~inch steel.
tube inserted in the center of the exhauvst stack approxi-
mately 1 inch from the .exhaust valve were completely ana~
lyzed by means of a modified Buresu 6f MYines gas—analysis
apparatus (reference 4).

The start of injection, the spray development, the
stop of injection, and the location of the top center
lines on the indicator cards were determined by means of a
Stroborama. A modified Paraboro indicator (references 5
and 68) was used to record the variations of pressure in
the precombustion chamber. (See_flg. 2 for valve loca~-

tion.) The maximum explosion pressuré in this chamber was
determined from the indicator cards; the maximum cylinder
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pressure was recorded by means of a Farmnboro-type valve in
the cylinder head. (See fig. 2.)

Various attempts to measure the actual'temperature-of
the fuel 0il at the high temperature and pressure used
were unsatisfactory, and the t émperature of the injection
tube close to the injection valve as indicated by a ther~-
mocouple T (fig. 2) was considered to be the temperature
of the fuel, This method of indicating the fuel tempera~
ture was satisfactory for these tests but was not consid-
ered sufficiently accurate to correct the engine-perform—
ance data for the irncrease in thermal energy of the fuel,

EFFECT OF FUEL-OIL TEMPERATURE ON

. INJECTION CHARACTERISTICS

The preliminary tests wlth this fuel—injectlon system
indicated the necessity for cooling the injection-control
tube. Without the water jacket the. start of injection was
retarded 30 crankshaft degrees at ‘an engine speed of 1,500
T.peme when the fuel was heated to 800° F. When the water
jacket was used, this intervagl was reduced to 3 crankshaft
degrees. MThe change in the start of injection was caused
by the large increase in the compressibility of the fuel
0il, which affected the velocity of the pressure wave
through the injection-control tube. .The increasing temper-
ature in the control tube was caused by the conduction of
heat from the injection valve and not by the alternate
compression and expansion of the fuel oil ia the tube.

The action of the injection-valve stem for the test
conditions further indicates the compressibility effect.
With the 124° F. fuel the valve stem did not 1ift the 0.030
inch allowed by the stem stop, as indicated by the lack of
markings on the top of the stem. Apparently the orifice
was sufficiently large to keep the restricting point at the
seat for this fuel-injection process. With the 750° F.
fuel, however, definite markings appeared on the top of
the stem, in addition to an increase in the injection pe-
riod of 3 crankshaft degrees, indicating a large.change in
the specific volume of fuel passing through the orifice o
for similar pressure conditions.

The effect of temperature on the compressibillty of
the o0il was further shown in the development of the fuel
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spray. The 124° F. fuel~spray envelope had a cone angle

of less than 10°, within whiclh was a concentrated core;

the spray envelope at a fuel temperature of 750° F. had a
cone angle of approximately 30° with no perceptible coro,
the entire spray belng a well-defined billowy cloud. A
definite increase in the sgpray cone angle occurred with the
increase of the fuel tempsrature to above 400° T,

During the preliminary tests with a spring-loaded au-
tomatic injection valve operating at an injsesction pressure
of 3,500 pounds per sguare inch and a fuel temperature of
670° 7., the spray issued from the valve as a blue haze,
leaving the nozzle dry. A few inches from the nozzle, the
haze gradually formed a fleecy white cloud. This condition
was not attained in the tests using the hydraulic-injection
system because of the much higher injection pressures,

The start and stop of injection with 124° ¥. fuel was
characterized by a slight dribbling of oil; whereas with
the fuel heated to temperatures above 400° F. the start
and stop were well defined. At the highest fuel tempera-
.ture with the fuel injecting into the atmosphere, the
start was characterized by a sharp crack, and the fuel ex-
panded from the 0.,060-inch orifice tao approximately 1/4;
inch diameter instantly at the orifice,

EFFECT OF FUEL-OIL TEMPERATURE OXF

THE EFFECTIVE IGNITION LAG

Effective ignition lag was determined by the method
used in reference 7 and is defined as the period between
the start of injectlon, and the time when 4,0 X 10~ % pounds
of fuel has been effectively burnced, as determined from the
analysis of the .indicator card. The effective-ignition-
lag curve shown in figure 6. shows that the lag increased
up to a fuel temperature of 300° F., and then decreased with
an increase in the fuel temperature. It is believed that
the increass in ignition lag is caused by the progressively
finer atomization ofa larger portion of the fuel spray,
wiich results from the decreasing viscosity and surface
tenslon of the fuel o0il. The increase in the surface-vol-
ume ratio of the drops also. produces a local decrease in
temgerature greater than that normally occurring with the
124" F. fuel. As - soon as the fuel oil is sufficiently
heated to offset this cooling, the ignition lag starts to
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decrease., It is significantthat -the fuel-spray eanvelope
begins to show change at this time, The decrease with

.fuel temperatures greater than 300° F..is believed to be
principally -due to either the decreased difference between

the fuel temperature.at injection.and its auvto-ignition
temperature, to the finer atomization_and dispersion of the =
fuel, which increases the surface-~volume ratio of the drops
and their rate-of heat absorption, or to both these factors.

EFFECT OF FUEL~OIL TEMPERATURE ON COMBUSTION

The effects of heating fuel oil from 124° to 750° F.
on the shapes of the indicator cards are shown in figure -
7. Heating the fuel oil did not affect the dispersion of
the points that form the diagrams.:  The cards show that
heating the fuel causes. the breakaway of the.combustion
from the compression to occur nearer top center and the
Pressure rige and the maximum pressure to-be less,

The difference in the injection period and in the com-
bustion of the fuel for the-two conditions is gquite marked
(fig. 8). Although the start of injection is nearly the
same for both fuel temperatures, the stop of injection is
different. For the.-124° F. fuel the injection is Practi-
cally complete before breakaway occurs, while for the 750°
F. fuel it ocontinues into the regilon of maximum pressure.
The development of the initial pressure rise for the 750°
Fo fuel is more desirable than that: for the 124° F, fuel
since the average rate of pressufe rise from ignition %o
maximum explosion pressure is only 30 pounds per square
inch per degree, whereas with the -124° ®. fuel it 1is 50
pounds per -square inch per degree.

A thermodynamic analysis of the indicator.cards was
made to obtain information on the evolution of heat when
fuel 0il heated to -124° and to 750° F. was used. PFigure 9
shows the amount of fuel effectively burned. By "effec-.
tively burned" is meant the amount of fuel required to pro-
duce the change in enthalpy indicated by the pressure—time
cards.

Although the start of the inJection of the ?50° F.
fuel was later than that of the 124° . P, fuel by 1 crank-
shaft degree, the former fuel stgrted to burn approximately
3 .crankshaft degreesg earlier and combustion had proceeded
to & large extent before the completion of the injection.
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With the latter fuel, combustion had just started at the
ond of injection. The late start of combustion witlh the
1240 ®, fuel regults.in the formation of a large amount of
combustible mixture in the engine and, uponw ignition,
causes high maximum cylinder pressurecs accompanlod by a
heavy metallic knocks, The early combusiion of the 750° ®.
fucl maintains lower rates of pressure rise with less in-
tonso knock and leads to a moro desirable form of indlca-
tor card.

The .total effective fuecl burned up to tho position of
maximum cxplosion prossure was approximately the same with
the 750° F. fucl as with the 124° P. fuel, but the maximum
explosion pressure as determined from the indicator cards
was approximatoly 70 pounds per square inch less with the
750° F, fuel, Although the maximum pressure was lower,
the encrgy releascd oarly in the power_stroke resultcd 1in -
a slight improvoment in tho performance of the ongino.

It was expected that the high residual air flow in
the prechamber together with the 750° F. fuel would mate-
rially reduce the guantity of fuel burned late 1in the
stroke, but figure 9 gshows that the gquantlty burned after
maximum pressure was approXimately the same as that with
tiie 124° F. fuel. Apparontly the heating of the fuel had
the greatost effect during the firgt part of the combus- -’ _
tion period in this particular combustion chamber, It is
not known whether the 750° F. fucl would have a greater
cffect on combustion late in the stroke if- it had becn in-
jected into all instead of less than half the combustlon .
air. It seems that the time utiliged in forming the ex-
cessively rich mixture in the prechamber could have bcen
advantageously used to mix the fuel with the air, since
the tremendous volume of the heated fuel spray wouwld as-
sist the nizxing process much better than could & spray
with a central cozre.’ ' :

Additional information on the—combustion of the 750°
F. fuel was obtained by examining the combustion chamber
after several hours of engine operation. No appreclable
amount of carbon was found -in .the combustion chamber., The
deposit on the piston crown was so thin that it 4id not _
obscure the polish on the exposed surface. 1In the case of
the 124° w. funel, the carbon formation was very pronounced
even after a much ghorter pesriod of operation. The cause
of the lack of carbon devosit when using the 750° F. fuel
is not apparent, inasmuch as chemical analysis of the ex-
haust—gases showed practically no difference in composi-
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tion, which indicates that the same smount of carbon was
burned in both cases. -

It is not definitely known whether the high tempera-
ture had any effect on the composition of the fuel because
the heater failed before a sample of the fuel could be ob-
tained for analysis. It is believed, however, that no
change in the composition of the fuel occurred because of
the smgll emount of time that the fuel was exposed to the
high temperature, approximately 12 seconds, and because of
the high pressure maintained on the fuel at all times. An -
examination of the inside of the injection tube, after 14
hours of operation with fuel above a temperature of 300° F,
and 9 hours above a temperature of 700° F¥., showed no car-
bon deposits on the wallg,

EFFECT OF FUEL-OIL TEMPERATURE ON ENGINE PERFORMANCE

Figure 5 shows the effect of heating fuel on the per-
formance of the engine. Only a slight improvement in the
power and economy is indicated. Since only one sigze of
connecting passage betwecn the combustion chamber and the
cylinder and one form and size of prechamber was used in
this investigation, it is not known whether some other
combination of these factors would have shown a greater
improvement. As the investigation was primarily concerned
with the control of the initial combustion, the various
comnbinations were not studied.

Heating the fuel oil improved the operation of the en-
gine, The combustion knock was perceptibly less and the _
exhaust showed less flame than that obtained with 124° 7,
fuel. Smoke was present in the exhaust under all condi-
tions as would be expected with only 4 percent of excess
air but, as the fuel temperature was increased, the amount
of smoke became less and intermittently there were clear
periods, The tendency of the knock to decrease with in-
creasing fuel temperature was probably caused by the chang-
ing rate of injection, which was indicated by the increase
of the injection period and by the change in the rate dur-
ing this period as previously explained. The decreased
snoke and flame in the exhaust 1nd1cated a change in the
combustion process with increased fuel temperature. Be-
cause of the limited nature of these tests, this phase of )
tiie problem was not investigated. S .
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Hawkes (reference 3) reported a decrease in engine
performance with an increase in fuel femperature up to
400° P, This decrease in engine performance was probably
due to the retarded injection accompanying the preheated
fuel because the authors found, during some preliminary
experiments with heated fuel and a displacement-type fuel-
injection system, that injection was materially retarded
with an increase in fuel temperature if the injection tim—
ing was not advanced to compensate for the increased com- -
pressibility of the fuel. '

CONCLUSIONS

From the preliminary tests of a prechamber compres-
sion-ignition engine using heated fuel oil and & nozzle
with a 0.060-inch~diameter orifice, it was found that with
increasing fuel temperatures: oo . -

1. The injection perilod was increased, the average
rate of injection of the fuel was decreased, the spray
core was eliminated, and the entlre spray was a wihite cloud. _

2« The ignition lag, rate of pressure rise, and cyl-
inder pressures were reduced. -

3. The mean effective pressure and the thermal effi-
ciency were slightly improved.

4. 'The operation of the engine was smoother, the ex— . _
haust was clearer, and the carbon formation in the com-
bustion chamber was considerably less.

Langley Memorial Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., March 26, 19386,
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Figure 4.- Fuel-injection-valve assembly
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Figure E.- Fuel heater construction,
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